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SUMMARY 


The therrt’odynam.lc prooertles of Freon- 12 have been 
investigated to deterreine the possibilities of the use 
of this gas as a fluid for aerodynamic testing. The,, 
values of velocity of sound in- Freon-12, which are less 
than one-half those in air, are presented as functions 
of temperatures and pressure, including measurements at 
room tempers-ture . The density of Freon-12 is about 
four tim.es that of air. Changes in state of Freon-12 
may be predicted by means of the ideal -gas law with an 
accuracy of better than 1 percent at pressures below 
1 atmosphere at room temperature. Freon- 12 is shown not 
to condense during an adiabatic e.x,pansibn from normal 
conditions up to. a. Mach number of J. The values of the 
ratio of specific heats y for .Freon-12 are lower than 
that for ,air, and therefore an additional parameter Is 
introduced, which must be considered ■ when comparisons 
are made of aerodynamic tests using Freon-12 with those, 
using air . 

The time lag of the vibrational heat capacity 
of Preon-12 to a change in te.m^perature has been 

_o 

measured and found to be of the order of 2 x 10 second 
at atmospheric temperature and pressure. This time 
is so short that no important energy dissipation's 
should result in most engineering applications. 
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INTRODUCTION 


■ Some- types of aerodynaRilc test5.ng can be made . more " 
■'CTmvenient by the use of a testing fluid having a lower 
velocity of sound than air. By the use of such a testing 
fluid aerodynamic tests of rotating machinery at high 
Mach numbers can be m,ade at lower rotational speeds, at 
v/hich structural problems are less serious, and also less 
power is required to obtain the same Mach number and 
■ Reynolds number as in air. 

In order to become a suitable substitute for -air, 
the fluid should have certain thermodynarriic properties 
as well as the necessary chemic.al inertness . - If the 
fluid has a substantially lower velocity of sound than 
air, it will be more dense. This dense gas should not 
depart greatly from a perfect. gas because such a depar- 
ture vrould necessitate the introduction of complicated 
correction factors. 

The time lag of the vibrational heat capacity of the 
gas to a change in . temperature must- be short , to avoid 
important ' energy dissipations as' a result of this lag. 

At room temperature, air has very little vibrational 
heat capacity .30 that even though its time lag Is long,, 
resulting energy defects are negligible. Also, the gas 
must not condense over a sufficient range of pressure 
and te,mperature above and bslov; 'atmospheri c .■ 

r''reon-12 (CCI 2 P 2 ) been proposed as' a . possible 
fluid for aerodynamic testing. Some thermodynamic 
properties of this gas, including tde tim:e lag of its 
vibrational heat capacity and the ' veloci ty. of sovind, 
are presented and discussed herein. 


SY1v:B0LS AND UNITS 


Tj,p critical temperature, 

critical pressure, atmosphere 

gas constant, cubic centimeter, atmosphere per gram, 
•mole per or foot-pounds per slug. per 


R 
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a’ Van der Waals constant! atmosphere (cubic centi~ 
meter per gram mole)^ 

b’ Van der Waals ' constant, cubic centim.eter per gram 
mole 

c^ specific heat at constant volume, units of R 

Cp specific heat at constant pressure, units of R 

Y ratio of specific heats, nondimensional (Cp/c-y) 
p . pressure 

vapor pressure, millimeters of mercury 

V specific volume 

T temperature, or °F absolute 

U internal energy 

a velocity of sound, feet per second 

m molecular weight 

s entropy 

p density . 

Pp Prandtl number, nondimensional 

k thermal conductivity, Btu per second per square foot 
per ( '^F per foot) 

(X viscosity, slugs per foot per second 

M local yach number, nondim.enslonal 

Mach number of undisturbed stream viien body is at ' 
critical speed, nondimensional 

Q Mass flow at M 

^^cr^cr (Area at M) (Speed of sound at M=l)(!Denslty at M=l) 
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u/u. 


P 2 /P 1 


T 


sat 


ratio of maximvun local low-speed velocity on 
body to velocity of, undisturbed stream, 
nondimensional 

ratio of static pressure after shock to static 
pressure before shock, nondimensi onal 

temperature at which Freon-12 vapor becomes 
saturated at pressure corresponding to M 

fraction of air in mixture of Freon- 12 and air, 
by weight 


Subscripts ; 

s stagnation conditions 

m mlxtiire of preon-12 and air 


TIiSR?;ODYNA!-aC PROPYHTISS. OF FFuFOH-12 


Van der V'aals' constants .- The values of critical 
temperature and oressure for Freon-12 were ofotained from 
references 1 (p. IlYU) and 2, which were in good agreement. 
By. use of these values and the equations for a', and b' 
from page 12 of reference Van der Faals ’ constants 
were calculated as follows; 

10.62 X 10^ 


= 99.72 

"cr 

where 

^cr 50/-!.. 6^ K = 252° F 

Per " 59.56 atmospheres = '581 pounds per square inch 


a/ - ^ 


6ii 


cr 
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R = 82 .o 6 I|. cubic centimeter atmosphere per gram mole 
per 



Ec-uation (1) is Van 'der waals ' equation of state. 

3 y use, of these values of a' and o' and equa- ' 
tion (i), values of pV/RT were plotted in "figure 1 to 
show’ departure of Freon- 12 .from. .a pe.rfect gas. Van d.er 
Waals * equation of srate was selected for Its simplicity 
and indicates the order of magnitude of the departure. 
Since Van der VCaals ’ equation is not accurate in the 
nei,ghborhood of the condensation point, the curves are ,. ,, 

not extended to the condensation point. 

Specific heats .- Measured and calculated values of 
for Freon-12 are taken from reference 4 . These values 
are plotted over a range of temperature in figure 2 . 

By use of these, values of Cp was calculated for 

the Van der Vhals' gas as follows; 

From, page 1|0 of reference ■ ' 


^ — r* 


T 


KdTJ 


( 2 ) 


s.ince, from page '65 of reference 3, 


_ aV. 

VoV/^T 


and, from equation ( 1 ), 



2 a ’'b' 


v5 


O 
u i 


•• • v2 
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Therefore 

Ra'V + P v5 

Cp - ^ 7 (5) 

2a’ b» - a'V + pV^ 


A plot of c^/c^ .against temperature at pressures 
of 0.1, 1, and 10'" atmospheres Is shovm in figure 5* 


VELOCITY OP SOUI© 


•The velocity of sound in' Freon- 12 as a Van der Yi'aals ’ 
gas was calculated over a range of temperature at pres- 
sures of 0.1, 1, and 10 atmospheres as follows; 

Pro.m page ^l8 of reference 


Also 



P 


/6s\ / 6 p\ ^ _ /d s\ _ 

VdP/ Vdiv T 

P ? P 


( 4 ) 


/6s\ /drd _ f'ds\ _ 2jv 
Wp VdWp - '.dT^p - T 


and, from p =. ^ , 
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?/han the foregoing equations are cooibined, 




T \6Ty 




\’^ 'y 


d 





( 5 ) 


Substitution in equation (S) for 
from equation (1) results in 





2a ’b' 

v5 



.+ .P 


V - b» 



Values of a, calculated from equation (6), are plotted 
in figure k* The velocity of sound in Preon-12 at room 
temperature and at pressures of O.I 3 and 1 atmosphere was 
also measured. (See fig. k* ) The measurements vrere made 
by use of a Helmholtz resonator and were in agreement with 
the calculated values to better than O.5 percent, which 
was the experimental accuracy of the measurements. 

Heat-capacity lag .- The time lag of the vibrational 
heat capacity of Preon-12 was determined by the methods 
used in references 5 ®nd 6. The sample consisted of a 
lk5“Pouii<i bottle of the commercial liquid, v/hich was 
sufficient 'for all the tests. The gas analysis submitted 
by the m.anuf acturer of this sample showed that impurities 
were present to less than 0.1 percent. After the Preon-12 
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gas was evaporated- into the test appa.ratus, data were 
taken at various sets of conditions and the total-head 
defects obtained are plotted in figure 5 * The' defects 
shown are sraall and vary alnost inversely as the diameter 
of the impact, tube, which is the case for a gas with a 
very short relaxation time. (See references 5 . 

In order to establish further the relaxation time 

as short, a nozzle 2 ^ inches long was substituted for 
1 

the Ig— inch nozzle and the defects were found to remain 

the same. The total-head defects remained alm.ost 
constant with a change in temperature. Also, the 
addition of Ii percent water, 5 percent air, and I.5 per- 
cent alcohol into the gas had but little effect on the 
defects obtained, the effect being to slightly reduce.- 
the total-head d:efects. A very rapid ad.justment of the 
vibrational heat capacity. of Freon -12 with a sudden 
change in temperature' was thus indicated. The relaxation 

timies calculated from a few of the ooints in figure 8 

0 ■■ 

are of the order of 2 x lO"'"' second (at atmospheric 
pressure), if all the vibrational heat capacity Is 
a.ssumed to adjust with a single relaxation time. 

Other properties . - '.Values of the vapor pressure of 
Preon- 12 ' were calculated over a range of temperature 
from the following formula taken from reference 2 ? 

log ?v 


where 

205.1 < T < 50U. 6^'' K. . 

The values of p^^ calculated are plotted in atmiospheres 
in figure 6 . The data in the following table of visco-sity 
and 'thermal conductivity at a pressure of 1 atmosphere 
for Freon - 12 can be obtained from, reference 1 , pages 79 ^* 
and 959 j respectively. The Prandtl number for Freon -12 
Is useful In problems involving heat transfer and in 
problemis involving viscous ccmipressible flow', such as 
the flow in a compressible bou'ndary layer. The following 
values of the Prandtl number for Freon -12 have been 


= 3 k. 5125 - 1816. 5'T“^ - 10.859 log T + O.OO7175T 


( 7 ) 
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calculated for. a pressure of 1 atmosphere and are pre- 
sented along wi th , viscosi ty and thermal conductivity in 
comparison with a few of those of air; 


Temper- 

ature 

abs.) 

Vi scosity/ \i ■ 
( slug/ ft- sec) 

‘ i 

Thermal 

conductivity, k I 

[Btu/( sec)(sq ft)PF/ft)] 

1 

. 1 

^ i 

! Prandtl number 
! 

! P- - • ■ 

1 ^ k ^ 

I (nondimensioral) 

I /’a) • 


Air ■ 

Freon - 12 

Air 

Freon -12 

Air 

Freon - 12 

i+02 

h 92 

582 

672 

762 


2.13 xlO""^ 
2.i|il 
2.7U 
3-03 





3.61 X lO"”^ 

0.389 X 10-5 

- ... ^ 

0133 X io "5 
1 

4 X j 0 
222 
,269 

0.717 

0.825 

.751 

.706 

U.55 

.508 

.696 



L_ J 



Uiiits of k are in ft- lb rather than in Etu in. order to make 
nondimen si onal . 


The latent heats of vaporization of Freon-12 are given 

in reference 7* 


DISC'JSSION OP PROPERTIES OF FREON- 12 


The emnirlcal constants- a' and b’ in Van der 
v/aals ’ eoyaation of state (equation (1)) are corrections 
for the attractions between rolecules and for the size 
of the H’Clecules, which are noth zero in the equation 
of state for s perfect gas. These properties of .Freon- 12 
cause it to depart from a.oerfect gas by only a small 
am.ount -at pressures below’ 1 atmosphere a,nd -at ordinary' 
temperatures. The .departure from a perfect gas is' of 
the order of 1 percent at atmospheric condi-tions and, 
for a given temperature, varies approximately as ' the 
pressure. The density of Frson-12 at pressures of 
1 atmosphere and 'JO'^ ,h Is 0.009b45 .slug per cubic foot 
where R = 4II.5 foot-pounds per slug per °F and 
nV 

- — = O.9055 from figure 1. This density 
RT 

four times that of air. 


is more than 
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The values of o^/R for Preon-12 (fig. 2) are 
tmich higher than those for air, which results in 
noticeably- lower values of. y* Ihe value of y for 
Freon-12, as may be seen in figure 5 , at ' normal con- 
ditions is about 1.13 compared with I ..4 for air. 

Since -rany of the aerodynamic relationships are func- 
tions of 4, these .relationships for Freon-12 would be 
expected to be somewhat different from, the relationships 
for air. In order to compare some of these aerodynamic 
relationships for Preon-'12 vdth those for air,-, plots of 
p/pg, T/'Tg , and mass How per unit area are presented 
in nondimensional form as functions of the , local Mach 
num.ber in figures J, 8, and respectively. These 
relations were obtained from compressible-fluid theo.ry 

T + T • 

by use of values of Y' corresoondlng to 2 §- . .The 

• 2 

results in figures 7 s.nd 9, bovi'ever, are approximately 
the same as the resalts obtained when y is treated as 
constant and equal to 1 . 125 * 

The difference between T/Tg for Preon-12 and air 
is largely due to the difference in y (f'ig* 8 )* Little 
difference can be seen between the values of p/pg for 
Freon-12 and for sir in figure 7 sad between the values 
of mass flow" oer unit area- for preon -12 and for air in 
figu.re 9 ap to a Mach number of 1.5* large differ- 

ence between the curves for' air .and Freon- 12 in figure 8 
will become noticeable in tests of rotating turbines 
or compressors in which simulation of the Mach numbers 
entering both the rotors a.nd stators will not be possible. 
Tn aerodynamic tests- of nonrotating systems, however, it 
can be, seen from figure 9 that Mach numbers may be closely 
simulated at all points below Mach numbers of l.k. 

The effect of the differences s.hown in figure 3 on 
tests of rotating mach.inery can best be -explalnea as 
follovifs. If the Mach numbers entering the rotor are 
equal in Freon-12 and air, the ratio of rotational ’ speeds 
will be the ratio of the entering velocity of . sound of 
air and Freon-12. Because of the temperature changes 
that take place in the rotor blades, however, the ratio 
of velocity of sound in air and .Freon- 12 leaving the 
rotor will then no" longer be equal to the ratio of 
rotational speeds. The Mach numbers entering the rotor 
and the stator, therefore, cannot be simultaneously 
simulated. 
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A plot of as a function of for Freon-12 

is presented in figure 10. The calculations were based 
on the rrjethods of ' ref erence. 8 .- Plots of static-pressure 
and total-pressure ratios across a shock wave in Freon-12 
as a function of Mach number are presented in figure 11. 

Tn figures 7 to 11, the. departure of Freon-12 from a 
perfect gas is assumed to be zero. 


The velocity of sound in Freon- 12 can be seen in 
figure 1 . 1 . to be less than one-half that in air at standard 
conditions This low velocity of sound in Freon is 
largely due to the low value of F and partly due to 
the low value of -v. The variation of velocity of sound 
with pressure at pressures of 1 atmosphere or lower are 
not large and can be calculated with reasonable accuracy 
from the equation for the velocitTr of sound in' a perfect 
gas, in which R = 4 II .5 foot-pounds per slug per °F. 

Tn aerodynamic tests, the velocity of sound and the den- 
sity will change appreciably when small amounts of air 
are .present in the Freon- 12. Probably the most convenient 
method of correcting for this presence of air is to 
measure the velocity of sound. The values of, y and R 
for the mixture can be found if the velocity of sound is 
known, for mixtures of perfect gases, as follows; 



■■‘m 


RairX + Rpreon(l 



where 




air 


X. + c 


n 


Freon 


( 1 - x) 
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The short relaxation tiir.e ^isasured in Preon-12 means 
that this gas will adjust its v^ibrational heat capacity 
to a change in temperature rapidly enough to allow iio 
important dissipations to occur in most engineering 
applications. The relaxation time has been measured at 
atmospheric pressure and it will increase as the tempera- 
ture and pressure are lcv;ered. (See references 5 6.) 

If a compression tabes place within a distance of 0.10 inch 
at. a Mach number of 2 in Freon-12 at a pressure of 1 atmos- 
phere, the compression time would be 1000 times longer 
than the relaxation time. Conditions inside a shock wave wiH 
be altered because of heat-capacity lag. In particular, 
the thickness of the shock wave w.ill be increased (to the 
order of C.OOl in. at 0.1 atm., pressure). If the boundary- 
layer thickness were of this order, it Is possible that 
changes in the boundary-layer separation effects due to 
shocks would be noticeable. discussion of the effects 
of heat-capacity lag on shock waves is presented in 
reference 9. 

In order to determine the possibilities that Freon- 12 
will condense at the low temperatures encountered from 
adiabatic expansion to high Mach numbers, calculations 
have been made and are presented in figure 12. Curves 
are given for a stagnation temperature of 55^° F absolute 
and various stagnation pressures. As can be seen from 
figure 12, Ireon-12 will remain a gas to Mach numbers of 
3 or more, depending upon the stagnation pressure, for 
the stagnation temperature shown. In figure 12, the 
departure of Preon-12 from a perfect g,as is assumed equal 
to zero.. 

CONCLTJDINC REMARKS 


Various thermodynamic properties of Freon-IE have 
been presented, in order to determine the possibilities 
of Preon-12 as a fluid for aerodynamic testing. The 
velocity of sound in preon-12 is less than one-half that 
in air and the density of Freon Is approximately four 
times that of air. The value of the ratio of specific 
heats Y for Freon- 12 is lower than that for air but 
the effect of this low?er value of y for Preon-12 is 
shown to be small at Mach numbers less than l.h. In 
rotating machinery, b:o\vever, the Mach members in 
rotating and stationary coordinates cannot be simul- 
taneously simulated in Freon-12 and in air. Preon-12 
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does not depart markedly from, a perfect gas at pressures 
of 1 atmosphere and lower and will not condense at 
norm.al conditions up to a Mach nijmher .of 3* 

The time lag of the vibrational heat capacity of 
Preon-12 to a change in temperature is so short that no 
important energy dissipation should occur as a result 
of this lag in most engineering applicat^ns . 

Preon-12 m.ust necessarily be ussd/in a closed 
S 3 rstem. and the presence of small amounts of air will 
noticeably change the velocity of ^eund so that measure- 
ments of the velocity of sound would be necessary/' for a 
reasonably accurate knovifledge of the working fluid. 

In general, the properties of Freon-12 are such 
that interpretation of aerodynamic tests using this fluid 
in terras of similar tests using air seems possible. An 
actual comparison of aerodynamic data ■ obtained from tests 
using air with data obtained from tests using Freon-12 
v/ill be necessary to establish this relationship. 


Langle:/" Memorial Aeronautical Laboratory 

National Advisory Com.mittee for Aeronautics 
Langley Field, Va.^ December 7> 19^5 
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5»-» Ratio of the apecifie beata of Freon- 12 y aa a Van der Waala 
gaa* Calculated from equation {3)« 










Impact-tube Impurity added 
diameter (In.) to Freon- 12 
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Fig. 5 



Figure 5.- Experimental total-head defect of Freon-12 for expansion 
iCrom chamber pressxire to 1 atmosphere* Chamber temperature ^ 75° I 
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Figure 6,- Vapor pressure of Preon-12. Calculated 
from equation (7). 
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Fig. 7 
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Fig. 12 
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Figure 12*- Condensation limits for adiabatic e^cpansion from 
stagnation temperatxire S5o^ F absolute# 




